The influence of the ion diamagnetic flow on the resistive interchange mode including dissipation in the Large Helical Device (LHD) plasmas is investigated with three-dimensional (3D) magnetohydrodynamic (MHD) codes. The contribution on the interchange mode stability depends on the difference between the ideal growth rate γ I and the single fluid growth rate including resistivity and dissipation γ D . When γ D is close to γ I , the ion diamagnetic effects are stabilizing. In this case the stabilization can be approximated by an analytic formula by analogy with the case without dissipation. When γ D is far from γ I the ion diamagnetic effects are destabilizing.
Introduction
The MHD stability of heliotrons has not yet been fully understood. This stability against interchange modes, which are pressure driven modes, depends not only on the plasma β but also on the horizontal position of the vacuum magnetic axis R ax . Increasing R ax makes the plasma more stable, however for large R ax the confinement of high energy particles, which is crucial in a burning fusion plasma, is degraded. Thus a trade-off is needed to obtain an optimum configuration with both good MHD stability and good particle confinement.
In LHD, the original standard value of R ax is 3.75 m. It was determined based on the stability against ideal interchange modes. Recently, experiments have shown that even for smaller values, down to R ax ∼ 3.6 m, where the mode was predicted to be more unstable, the machine can be operated safely up to ⟨β⟩ ∼ 5% without major MHD event [1] . Here ⟨β⟩ is the volume averaged ratio between kinetic and magnetic pressure.
This means that LHD plasmas are more stable than predicted by ideal MHD. Understanding this stability is of major importance for the prediction of the characteristics of future heliotron fusion reactors. Many factors can explain the improved stability. First whereas the growth rate of the ideal interchange mode increases with the toroidal mode number n, in the experiment, the interchange modes actually observed have small mode number [2] . This can be explained by the fact that dissipation, i.e. thermal conductivity and viscosity, damps the higher n modes. This improves the overall stability, however the dissipation co- efficients required to stabilize the mode to the experimentally observed level are too high compared with the measured values of these coefficients [3] .
An other well-known stabilizing effect is the plasma flow. In the heliotron case as in the case of tokamaks, the locking of a mode in the magnetic perturbations coming from misalignment of the coils or from perturbation coils causes the plasma flow to stop in the vicinity of the mode's resonant surface, allowing the mode amplitude to grow significantly [4] . This phenomenon can lead to the collapse of the discharge. The fact that the mode grows after the rotation has stopped is an experimental evidence of the stabilizing effect of plasma flows. Thus, a theoretical analysis including the flow is desirable. The flow consists of the E × B, parallel, and diamagnetic flows. In this study, we focus on the influence of the ion diamagnetic flow on the interchange mode stability. We study the stability numerically by utilizing 3D equilibrium and dynamics codes.
The generation of a 3D heliotron equilibrium with toroidal flows is a difficult problem because of some stringent theoretical constraints [5, 6] . In particular, it is much more difficult than in the tokamak case because of the lack of axisymmetry, which means the flow is not free even in the toroidal direction. The effects of the diamagnetic flows are implemented, with no modification of the equilibrium in the dynamics calculation.
In section 2 the physical model and the numerical methods are presented, in section 3 the results of the diamagnetic effects on the interchange mode stability in an LHD configuration are detailed. A discussion and summary follows in section 4. 
Physical Model and Numerical Methods
The MHD stability is investigated using the MIPS code [7] , which solves a set of extended MHD equations as an initial value problem. Thus the observed mode in the linear phase is the one with the largest growth rate. The extended MHD equations used here are very close to the two-fluid model of Hazeltine and Meiss [8] . The normalized equations for the plasma mass density ρ, velocity u, pressure p and magnetic field B are as follows:
In these equations, the variable u = E × B/B 2 + v ∥ B/B represents the MHD velocity, and u
is the normalized ion diamagnetic velocity. The quantitites S ρ = −∇ · D ⊥ ∇ρ eq and S p = −∇ · χ ⊥ ∇p eq are the sources of density and pressure, where ρ eq and p eq are the equilibrium density and pressure respectively. The normalization is as follows: the magnetic field is normalized to the field magnitude on the magnetic axis B 0 , the density to the density on the magnetic axis ρ 0 , the velocity to the Alfvén velocity V A = B 0 / √ µ 0 ρ 0 , and the pressure to ρ 0 V 2 A . The time is normalized to the Alfvén time τ A = x 0 /V A , where x 0 is the distance normalization. In addition, D ⊥ , χ ⊥ , ν and η are, respectively, the particle and heat diffusion coefficients, the viscosity and the resistivity. As a result of this normalization, all the diamagnetic terms are multiplied by the parameter
, where ω ci = eB/m i is the cyclotron frequency, d i the ion skin depth and K = √ m i /(µ 0 e 2 ) is a constant. As can be seen from the normalization considerations above, changing the parameter δ i amounts to change either the size of the machine or the density normalization. If the plasma size is fixed, we have simply
. Some values of δ i corresponding to LHD plasma densities are given in Table 1 . In the range 10 18 ≤ n 0 ≤ 10 20 (m −3 ) , the parameter δ i is smaller than 1.
Equations (1-4) require several comments. The model of Hazeltine and Meiss includes the Hall term in the induction equation. Here we do not include this term. In a first time, we are interested only in the ion diamagnetic effect, the electron effects will be included in a future study. The expression of the ion diamagnetic term in the momentum equation is obtained using the gyroviscous cancelation [8, 9] .
An other important missing element in the pressure equation is the parallel heat conductivity χ ∥ , which should be several orders of magnitude larger than χ ⊥ . We do not include this term to avoid numerical difficulties. Indeed, for numerical stability, this term has to be treated implicitely, which increases significantly the simulation time in the case of large ratios of χ ∥ /χ ⊥ . For instance, for χ ∥ /χ ⊥ = 10 5 , the simulation time is increased by roughly a factor of 5. The effect of the parallel heat conductivity is particularly important in the nonlinear evolution, because in this case a significant flattening of the pressure profile can be observed. However, we focus on the linear phase in this study. We checked the effect on the linear growth rate, and found an increase of only 10% of the growth rate for χ ∥ /χ ⊥ = 10 5 . Therefore, we do not include the parallel heat conductivity in the present study.
Equations (1) (2) (3) (4) are solved on an (R, φ, Z) mesh which is cartesian in the poloidal plane (R, Z). The poloidal plane is divided into two regions, called the plasma region in the center and the vacuum region surrounding it. The plasma region is defined by a condition on the equilibrium pressure p eq : (p max − p eq )/(p max − p min ) < 0.998, where p max and p min are the maximum and minimum values of p eq . The values of the fields are all kept constant in the vacuum region, and thus the boundary between the plasma and vacuum regions acts as a fixed boundary condition on the calculation in the plasma region. This kind of boundary conditions is sufficient to simulate interchange type instabilities, since they are localized around the resonant surface located in the plasma region. The resolution of the grid used in this study is 128 × 640 × 128. The code solves the equations by an explicit fourth-order Runge-Kutta integration. The spatial derivatives are obtained by fourth order finite differences and an upwind scheme is used for the stabilization of advection terms. The equilibrium is obtained from the HINT2 code [10] . This code is able to obtain the static 3D heliotron equilibrium without assuming the existence of nested flux surfaces. In the case considered here, the inward-shifted LHD configuration is employed. It is characterized by R ax = 3.60 m and γ c = (a c /R c )(N/l) = 1.129, where N = 10 is the toroidal periodicity of the helical field, and l = 2, a c , R c are respectively the pole number, the minor radius and the major radius of the helical coils.
Diamagnetic Effects on the Interchange Mode Stability
The dissipation coefficients are set to
With these values and the equilibrium pressure profile given as p = p 0 (1 − s)(1 − s 4 ) where s is the normalized toroidal flux, the interchange mode is un-3403018-2 From β = 1% to β = 2%, there is an increase of a factor 20. If we look at the ratio between γ D and γ I , we have γ D /γ I = 0.6 for β = 2% and γ D /γ I = 0.09 for β = 1%. Thus γ D and γ I can be considered close for β = 2% and very different for β = 1%. This allows us to study two regimes: strong or weak modification of ideal stability by the dissipative effects. Each regime is examined in the density range 10 18 m −3 to 10 20 m −3 . The effect of the diamagnetic flow can be decomposed in two contributions: (i) the shear of the flow and (ii) the modification of the dispersion relation. Sheared flows are able to stabilize large scale instabilities because they have a tendency to tear apart the structures. However, as shown in Fig. 2 , the profile of the equilibrium diamagnetic frequency, ω ⋆ i , here defined on a constant s surface as
where dl is the length element on the curve of constant s, is virtually flat in the resonant region close to the ι = 3/4 surface. Here, ι denotes the rotational transform. The shearing rate ω s ≡ r dω ⋆ i /dr < 10 −4 is much too small to modify the stability of the mode, because ω s ≪ γ is easily verified in our simulations (γ > 10 −3 is the mode's growth rate).
Thus any effect of the diamagnetic flow comes directly from the modification of the dispersion relation due to the additional ion diamagnetic effects. Physically, the ion diamagnetic term modifies the inertia of the plasma, which modifies the energy balance and hence the stability of the interchange mode. The modification for ideal modes is given [11] by
where γ I is the growth rate of the ideal mode and ω is the complex eigenvalue of the mode including the ion diamagnetic effect. In principle according to Eq. (5), the mode is totally stabilized when ω ⋆ i = 2γ I . In our simulations, the dissipation is also included so that Eq. (5) does not exactly hold. It is not trivial to understand how this relation is modified when dissipation is included. Thus, by analogy with Eq. (5), we consider a model dispersion relation
where Ω D = ω D + iγ D here is the single fluid complex frequency including dissipation (without the ion diamagnetic effects) of the dominant mode, and we will try to see if it is able to predict the stabilization of the interchange mode. Often ω D = 0 but since the force operator is Hermitian only in the ideal case, ω D does not always vanish in the non-ideal case, as we will see later. If ω D = 0, equation (6) gives the expected diamagnetic stabilization and rotation frequency as
Since the amplitude of ω ⋆ i is fixed by the density, which often varies in the range 10 18 − 10 20 m −3 in the experiments, and the ideal growth rate is mainly determined by β, it is natural to explore the (ω ⋆ i , β) parameter space. 3403018-3 The rotation of the 4/3 mode is in the electron diamagnetic direction, rather than in the ion diamagnetic direction. The frequency has a weak dependence on ω −2 ) (red dashed line). The first case displays a modulation corresponding to the existence of two eigenvalues with same growth rate and opposite frequency. The absence of modulation in the second case means that the degeneracy between the growth rates is removed by the diamagnetic effect. In this case, the mode with highest growth rate is the one which rotates in the electron direction.
and −ω D . If the two solutions have comparable amplitude (which should be the case for random initial conditions), then the system does not rotate but we should observe a modulation of the mode energy at twice the frequency of the mode. We indeed observe such a modulation as shown in Fig. 6 . From the period T of the oscillation, we can infer the absolute value of the pulsation in the single fluid case as 2ω D = 2π/T , which gives ω D τ A = 1.01 × 10 −2 . Then when the diamagnetic frequency is included, the degeneracy in the growth rate between the two solutions is removed, so the modulation of the energy disappears (also shown in the figure). In this case we observe a rotation of the mode. When ω ⋆ i tends to 0, the absolute value of this frequency should tend to the absolute value of the frequency of the single fluid case, ω D . So by extrapolating the green curve to the vertical axis (and remembering the scaling by −1/10), we find the absolute value of ω D to be 1.04 × 10
A , in excellent agreement with the preceding estimate.
In this case where ω D 0 we compare the results with the equivalent of Eqs. (7) (8) in the general case:
As can be seen in Fig. 4 where these two equations are plotted respectively as the red line and magenta dashed line, there is a qualitative agreement for the frequency: increasing the ion diamagnetic frequency causes a shift of the mode frequency toward the ion direction. However the model dispersion relation predicts stabilization even in this case, whereas the numerical result displays a clear destabilization. Note however that because ω D 0, the stabilization predicted by Eqs. (9-10) is much weaker than if we had used Eqs. (7) (8) , in which case stabilization is predicted for ω ⋆ i τ A = 2γ D ∼ 2.5 × 10 −2 (also represented in Fig. 4 as the dot-dashed red line).
We also examine the cases of β = 1.75%, 1.5% and 1.25%, in which cases ω D = 0. The results show that the behaviour of the ion diamagnetic modification of the linear mode is gradually changed from β = 2% to β = 1%. Figure 7 shows the β = 1.75% case. We can see that overall stabilization occurs toward large ω ⋆ i , and the rotation behaves according to ω r = ω ⋆ i /2, in the ion direction. However the growth rate increases and departs significantly from Eq. (7) 
Summary and Discussion
In this study, the dependence of the interchange mode on the ion diamagnetic flow is investigated. The results depend on the ratio between the growth rates with and without the dissipation γ D /γ I . When γ D /γ I = 0.6 the ion diamagnetic flow stabilizes the mode as in the case for the ideal mode. The growth rate decreases and the rotation frequency increases as ω ⋆ i increases. The direction of the rotation is in the ion diamagnetic direction. These properties are due to the fact that the dissipation produces only a small change of the ideal mode. Therefore, the model equation Eq. (6) approximates the numerical results
